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l, INTRODUCTTION

The flow field in the immediate vicinity of a hovering
V/STOL aircraft can be divided into six more or less distinct
regions (Figure 1-1). Of particular interest here are re-
gions 1, 2, 3, and 5, i.e., those regions wherein the engine
exhaust flows combine with induced ambient air flows to pro-
duce forces and moments upon the airframe. In the case of
aircraft with high engine exhaust velocities combined with
appreciable planform areas, such as the AV-8A and the VAK-
191B, these forces and moments are almost invariably both
large and unfavorable. Consequently, a considerable amount
of theoretical and experimental work (e.g., Ref. 1-15) has
been devoted to the subject. During 1977, the Naval Air De-
velopment Center began work on a V/STOL Aerodynamic and
Stability and Control Manual in order to reduce V/STOL test
data and prediction methodologies to a form useful in a pre-
liminary design enviromment - that is, to develop an engineer-
ing tool for doing rapid hand calculations of advanced air-
craft performance during the conceptual stage of development.
As a point of departure for this work General Dynamics has
extended test and analysis work which was conducted both in
house and under contract to ONR (Refs. 7 and ll) to develop
empirical formulations for hover-induced lift effects for
application in the manual.

The results of this program are presented in this re-
port, and the methodology itself is contained in Section 3.
This was assembled totally independent of the other sections
of the report so that it may be removed and used separately
from the body of the text. For this reason, the reader may
note a certain amount of redundancy between Section 3 and
the other sectionms.
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The objective of this program is the development of an
empirical method for the prediction of propulsive-induced
effects upon the lift of a V/STOL aircraft hovering in ground
proximity. To this end, two guidelines were established,
namely, that the resulting empiricisms were to be covered in
the simplest possible forms from the user standpoint regard-
less of the format which might be indicated from a purely
scientific and analytic viewpoint (provided, of course, that
the resulting empiricisms gave realistic results when applied
to test data cases), and that no attempt would be made to
structure the details of the flow field because, to do so,
would have rapidly led the methodology afield into the area
of an analytic formulation, rather than the desired tool for
rapid use in aircraft preliminary design and evaluation. An
example of the spirit with which these guidelines were ob-
served can be seen by considering that the method of Karemaa
et al. (Refs. 7 and 8), the point of departure for this work,
was modified from

4L _ 1
T 3 ALy +ALc + ALﬁz (2-1)
R &L fa+ g (2-2)

The terms AL and AL in the Karemaa formulation, repre-
sent the incremental ligi due to fountain buoyancy and the
change to suckdown due to interference with the entrainment
process by the fountain, respectively. In the Karemaa work,
where the object was to develop an understanding of the
physical processes involved in the flow field, it was most
appropriate to distinguish between the two. Here, however,
it was found that empirically the two could be combined so
that only ALy, the net fountain contribution, appears ex-

, plicitly. Next, in the Karemaa formulation, AL represents

E the suckdown on those areas of the planform adjacent to each
' individual exhaust nozzle. Experimentally, AL. was determin-
ed by measuring this force on the adjacent arel with the non-
adjacent planform areas physically present but non-metric.

A predictive technique for AL; would require the structuring
of the induced flow fields bec;use the locations of the non-
adjacent areas change the flow field itself. Thus, suckdown,
4L_, which can be predicted empirically, is the summation of

3
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the suckdown produced by each jet upon the entire planform
area.

In all instances, justification for the empiricisms was
made, ultimately, a posteriori, i.e., do they work to an
acceptable degree of accuracy over a full range of likely
configurations. As will be seen in Section 4, the complete
methodology was tested against a number of configurations,
which were not from the same data base from which the em-
piricisms were developed; the predictions obtained matched
the test data within about 1% of the total lift, which is
considered adequate for the applications envisaged for this
methodology.

2.1 METHODOLOGY DEVELOPMENT

2.1.1 Suckdown

Wyatt (Ref. 4), one of the first investigators to con-
duct a parametric variation of the suckdown problem, obtain-
ed the empirical relationship

ALs - AL
Fs

However, this expression did not correlate with the data of
Spreeman and Sherman (Ref. 1) because experiments were con-
ducted at different NPR's. Kuhn (Ref. 9) has derived a mod-
ified form of Wyatt's equation that empirically accounts

for the NPR effect and gives better agreement, viz.,

S0

-2.30
]

= -.012 [h/(ﬁ-d) (2.1-1)

AL, - AL

]-(2.2-.24(NPR-1))
F

s _ -.015 [AB-d)

J (2.1-2)

A close examination of the earlier results and the more
recent work of Smith and Lummus (Ref. 11) (Figure 2.1-1)
show that there is a fine structure to the suckdown that is
a function of the area ratio D/d. This structure consists
of curves of the same family (Figure 2.1-2) which, in empir-
ical, algebraic form, are described by the relation
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of A —
r-
-1 - B/d
~—1L 1478
.2 ~———o1  8.06
’ 5.38 |
/ D/d  NPR REF
-3 o1418 200 13]
51345
a0.77 .
-4 o u.osz L
O 5.38
Ay .5
H
-6
J *Corrected to NPR 2.00 By
Equation (13)
-1
-8
-9
0 2 4 8 8 1.0 12 14
h/d
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Figure 2.1-1 Suckdown Under Rectangular Planforms
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AL,- AL
F

Wyatt's results for free-air suckdown may also have a fine-
structure because of area ratio but, for the cases of
interest, Ast<< ALS, so we use uncorrected from Wyatt's

data,

-1.59

8% » (00125 D/d + .0185) [h/(ﬁ-d)] (2.1-3)

S0 - .0667 (d/D - .420) (2.1-4)

Delta planforms show a similar fine-structure (Ref. 15)
(Figure 2.1-3); the suckdown is described by the relation

aL_- AL i . . -1.28
—S5% = .(.0072 B/d -.0166) - [h/(D-d)] (2.1-5)
h|

By definition, the suckdown for a configuration with
more than one nozzle is obtained by calculating the indi-
vidual suckdown for each nozzle and then summing and weight
averaging by thrusts, that is

N N
dis | » (ﬂ) CFD. [ FD (2.1-6)
Fy  qap \F3 /17 1/ 1a1 J°1

2.1.2 Net Fountain Buoyancy

The development of the empirical terms to predict foun-
tain buoyancy required a much larger data base that was
available from the previous work. To this end, a series of
parametrical variations of the Ref. 7 configurations was
] made:

Test Series I. Two nozzles, variations in D,
Figure 2.1-4.

Test Series II. Two nozzles, variations in wing/
fuselage area ratios, Figure 2.1-5.

Test Series III. Three nozzles, variations in D,
Figure 2.1-6.
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Test Series 1IV. Four nozzles, variations in D and
d, Figure 2.1-7.

The experimental method of Ref. 11 was used to take
force measurements of AL upon the planforms. As shown on
Figures 2.1-4 through 2.1-7, most configurations were test-
ed with and without lift improvement devices (LIDs). The
planform undersurface contour was varied on Configurations
1l and 15. Finally, the fountain strengths on selected con-
figurations were measured by total pressure surveys using
the method of Ref. 7. The test results are shown in graphi-
cal form in Appendix A. They will be discussed below as
appropriate during the methodology derivation.

For each configuration ALg/F; was obtained by sub-
tracting the calculated suckdown from the AL/F obtained
from the balance data, i.e.

= - (2.1-7)

2.1.2.1 Two-Jet Fountains

In the course of analyzing the experimental data, it
became apparent that the fountain lift produced by the two-
nozzle configurations was fundamentally different from
those produced by either three or four nozzles in that the {
former were much more sensitive to planform area than the |
latter. The physical cause undoubtedly lies in the fact
that a fountain produced by two jets has a fan shape that
is much more diffuse than the compact, column-shaped foun-
tains produced by three and four jets (Ref. 7).

Before beginning discussion of the methods by which
AL /FJ are calculated, the terms D and d, which were used

in the suckdown calculations, are redefined slightly for
use in fountain calculations, namely,

N N
5 = X B -
D, 2 (an)i/ 121 (1?3.)i (2.1-8)

and

11
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N N
= X D -
dwa 2 (FjD)i/ifl (Fj)i (2.1-9)

In other words, these geometric parameters now become
thrust-weighted averages.

2,1.2.2 Two-Jet Fountain Lift

The test results from configurations 0, 10, and 22
(without LIDs) are used to begin the determination of the
relationship between .ALf/F. and D__/d_ . We begin by stat-
ing a priori that the fountdin 1if¥2£fo¥%a two-jet case is
composed of two parts: ALFI/Fj which is the lift obtained

on a central, more or less rectangular, portion of the plan-
form and.ALFII/Fj which is the lift obtained on the peri-

pheral areas of a planform. As an example, in the case of

a V/STOL with fuselage-mounted engines, the fuselage would
comprise the central area and the exposed portion of the
wing, the peripheral (see Section 3.1). However, inspec-
tion of these planforms shows that not only does D vary from
configuration to configuration, but the planform area avail-
able to intersect the fountain also varies. In order to re-
move this second variable, the fountain buoyancies are nor-
malized so that the data presented shows the fountain lift
that would have been observed had the planforms in each

case intersected the entire fountain. In this two-jet case,
01 is the angular section of each radial ground jet which

after forming a fountain, intersects a given planform (See
Figure 2.1-8)
- -1 W/2

01 tan = ( ———df T h) (2.1-10)
Except for the point on a line connecting the two jets, the
fountain does not impact normal to the planform. Therefore,
to account for this, and again for purely geometric con-
siderations, the fountain lift that a planform would ex-
perience if it intersected the entire planform is given by

1
4L AL 1 AL
FjFI = (5 L /f cos 0de - (=) [(sin 01)

TEST © F, 'TEST
3 3

(2.1-11)
13
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Figure 2.1-8 Portion of Fountain Which Intersects Central Planform
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1 -
AL FI/Fj is plotted vs Dwa/dwa and h/dwa on Figure 2.1-9,

and the fountain 1lift on a given rectangular planform is
obtained by

1

AL AL
FFI - FFI sin 91 (2.1-12)

b 3

(A non-symmetrical planform is integrated by parts and then
averaged (see Section 3.1).)

The calculation of the lift on the peripheral area,
ALFII/Fj, proceeds in a similar manner (Figure 2.1-10) and

1
4L 4L
FI1 FI1 . .
Fj = Fj (sin @, - sin 8,) (2.1-13)

where the sector (02~0 ) represents the portion of the
fountain that intersec%s the peripheral planform. By com-
parison of the results of Configurations 1 and 21 with Con-

1
figuration 10, ALFII/Fj was obtained empirically. It is
shown on Figure 2.1-11 as a function of h/dwa and a/dwa,

where a is the average peripherial planform width normal to
the fountain ground-plane stagnation line. Finally, the
two-jet fountain lift is obtained by

ALp  ALg; . Alpiq
F., T, F.
j j j

(2.1-14)

The calculation of fountain 1ift for three- and four-
jet configurations is a much simpler matter since the con-
centrated fountain structure results in much less sensitivi-
ty to the planform area available for impact. As an example,
Configuration 12, which has an extremely small planform area,
was tested with different nozzle pressure ratios forward and
aft in order to move the impact point of the fountain rela-
tive to the planform. As can be seen from Figure 2.1-12, it
made relatively little difference to the net induced force;
with a larger, more realistic planform, the differences
would likely be even less. Therefore, a three- and four-jet
fountain 1lift are simply functions of h/dwa and D__/d

wa' “wa
(Figures 2.1-13 and 2.1-14).
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2.1.3 Extrapolation Coefficients

Equation 2-2, as it stands, is useful only for calcu-
lating ground-induced forces on flat-plate models at low
altitudes with nozzle exhaust NPR = 2.0. In order to ex-
tend the application of the methodology, a number of extra-
polation coefficients are used to account for planform con-
tour, NPR, etc., so that Equation 2-2 becomes

AL 1
o [cs 4L + c ALF] (2.1-15)

2.1.3.1 Suckdown Extrapolation Coefficient Cg

Recent work on the effect of turbulence on suckdown
(Ref. 11) has shown (1) the possibility of a large-scale
effect and (2) a pronounced effect of NPR on suckdown.
Therefore, let

Cg = Cg1 - Cg (2.1-16)

where C.p is the extrapolation coefficient to account for
the difference between model and full scale and Cgy for

variations in NPR from 2.0.

As yet, there is not sufficient data available to quan-
tify Cgq satisfactorily. It is being retained, however,
against the time when it becomes available; in the meanwhile
let

Cg1 = 1.0 (2.1-17)

The form Cgy has, however, been developed (Ref. 12) and is
given by
C., = 1.173-.2495 1n (NPR) if NP

RS2 (2.1-18)
= 1.061-.0889 1n (NPR) if NPR 2 2 .

s2

2.1.3.2 Fountain Extrapolation Coefficient Cp

The fountain coefficient is a little more complex than
the suckdown coefficient in that, not only are there terms
to reflect scale and NPR, but also terms to account for the
effects of jet merging before impact with the ground plane,
planform contour, and LIDs. Therefore,

22
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Cy = Cr1 - CFZ CFS (2.1-19)

where

Cp1 is the effect of scale (interim value = 1.0)
Cry is the effect of NPR

Cr3 is the effect of jet merging

Cpy 1is the effect of planform contour

Crs is the effect of LIDs.

For precisely the same reason that Csl = 1.0, also
CFl = 1.0; it is reserved for use when the effect of scale
becomes better known.

The effect of NPR on fountain 1lift has been extrapolat-
ed from Ref. 11 and is given by

NG L

C .736 1n NPR + .481 if NP

F2 RS2
.035 1n NPR + .930 if NPR 2 2

(2.1-20)

2 T AR RS

In the case where NPR varies from nozzle to nozzle, the
CFz's are thrust averaged and

N N
F2 " ifi “r Fj)i/;fa (Fy)y (2.1-21)

For any aircraft configuration with more than one noz-
zle, as altitude increases jets begin to merge so that the
character of the fountains change. As an example, a three-
jet configuration, as it gains altitude, will reach a point
where two jets begin to merge (provided, of course, the
nozzles are not equidistant apart). When this occurs, the
character of the fountain will begin to change from that of
a three-jet to that of a two-jet. At still higher altitude,
when the two have completely merged, the fountain will be-
come entirely a two-jet fountain. For many aircraft, such
mergings can begin quite close to the ground.

The induced-1ift data of the two-jet, subsonic V/STOL
aircraft presented in Reference 13 was used to generate the
dependence of C 3 _upon altitude and nozzle spacing. When
the suckdown ang fountain 1lift were generated for this
model ignoring jet merging, it was found that at low alti-
tudes the correlation was good but that, as altitude in-
creased above 1.374 dg, the predicted fountain lift became
optimistic. If the cause was due to jet merging the 1.374

23
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dp implies a spreading rate of 20 degrees, which is somewhat
larger than the 10 to 15 degree range expected from free-jet
tests. However, the presence of the stagnation zone next to
the ground plane alters the spreading rate so that it was
assumed merging was the cause. Thus, for the purpose of
evaluating the effect of merging upon fountain strength,

hm = 1.374 dE (2.1-22)

was used. Crp, was then obtained by correcting the predicted
fountain lift for the two-jet Reference 13 hence to agree
with the data. The use of Cpj3, shown on Figure 2.1-15, was
further confirmed by successgully applying it to several
multi-jet configurations as shown in Section 4.

The cross-sectional shape or contour of a planform has
a very strong influence on the amount of available fountain
lift that is actually recovered by the planform. In the
case where the edges of the planform are rounded, the foun-
tain, after impingement, will then tend to flow, Coanda-style,
around the planform (Figure 2.1-16). The negative pressures,
which are induced upon the planform and attend this turning,
lower the lift. Herein, Cpy is used to reflect the lift loss
due to contour and is dependent upon the type of fountain.
For two-jet fountains, Cp, is shown on Figure 2.1-17 and was
determined from the results obtained from contouring the
planform of Configuration 1 and the results extrapolated from
Ref. 14. Interestingly, CF4' for two-jet fountains, is not a
function of altitude but is very strongly dependent on con-
tour. Cp, for three- and four-jet fountains was obtained
from testing contours on Configuration 15 and is shown in
Figure 2.1-18. Here, Cp, is a function of altitude but is
not as sensitive to the contour as is the two-jet case. Un-
doubtedly, the difference is due to the different fountain
structure.

Most of the configurations were tested with and without
LIDs. By reversing the direction of the fountain flow (Fig-
ure 2.1-19), an LID is able to amplify the fountain lift.

It can be seen from Figure 2.1-20 that, in many cases, the
effect of a complete longitudinal and transverse LID system
(i.e., the LIDs form a closed box) is to double the fountain
lift; whereas, if the LIDs are left open on two ends, the
lift increases by only 507%. The test series also indicated
some other characteristics:

1. Except at very low altitudes, the depth of the LIDs
is not particularly important (Figures 2.1-21 and
2.1-22).
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7

Figure 2.1-16 Fountain/Semi—Rounded Fuselages
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DO

Figure 2.1-19 Fountain Strearlires Around A Blunt Fuselage and A LIT
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2. LIDs should always be placed interior to the
nozzles; excessively large LIDs, at low altitudes,
interfere with the entrainment of ambient air to
such an extent that suckdown is amplified over and
above the beneficial effect of fountain lift en-
hancement (Figure 2.1-23),

3. 1In the instance where LIDs do not cover the entire
planform periphery, that portion of the fountain
whose lift is enhanced can be determined from
geometrical considerations (see Figure 2.1-24 and
Subsection 3.1).

In general, the size, shape, and extent of a LID sys-
tem will be restricted by other considerations in aircraft
design. Therefore, the values of Cps, presented in Sub-
section 3.1, should be regarded as probably optimistic indi-
cators of what can be achieved in practice.
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INTRODUCTION TO
METHODOLOGY

The General Dynamics input into the V/STOL Ground
Effects Handbook has been assembled as a reference document
to serve as an aid in predicting induced lift of V/STOL air-
craft in hover. The various correlations are derived from
empirical methods and are intended to cover the hover flight
conditions of current V/STOL aircraft. The methodology has
been developed as a prediction technique in the preliminary
design environment and is considered accurate to +1% of the
total lift. This section covers the effects of various noz-
zle and planform configurations, up to four nozzles.

' 3.1 METHODOLOGY

3.1.1 1Induced Lift, AL/Fj

The induced 1ift during hover can be separated into two
parts, as shown in Equation (3.1-1).

AL/Fj = ALS/Fj + ALF/Fj (3.1-1)

The first, AL /F., is the suckdown generated by the ambient
air that is accelerated toward the aircraft because of en-
trainment by the exhaust flows, creating a low pressure
field under the aircraft and, consequently, a downward force
on the planform. The second effect, 4Lg/F;, is the buoyant
force derived from the impact (if any) of %he fountain jet
formed by a multiple-nozzle configuration upon the planform.

The basic fountain strength is determined for a two-
dimensional flat plate planform which is then corrected for
the effects of planform contour and Lift Improvement Devices
(LIDs), if necessary.

3.1.2 Tabulation

The various components of induced lift are tabulated in
Figure 3.1-1. The four main blocks of the table are

I. Suckdown
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I1. 2-Jet Fountain
III. Fountain Lift
IV. Contour and LID effects.

The general arrangement of the table should follow a vertical
setup for computing each column as a function of planform
height above the ground. This may be done in various ways.
As depicted in the example table, a common reference height
is listed in nozzle diameters. Because many configurations
have multiple nozzles (that are not always equal in diameter),
the approach used here is to normalize altitude by equivalent
single nozzle diameter, d’e' However, there are two add-
itional normalizing diameters that are used in the method-
ology, namely, the individual nozzle diameter, d, (used in
suckdown galculations) and the thrust weighted diameter, d,,,
(Subsection 3.1.3, used in fountain lift calculations). It
is necessary to Lse extreme care in setting up a tabulation
sheet to reflect the equivalencies between the various alti-
tude normalizationms.

A listing of the necessary variables of the problem
should be placed on the table for quick reference. The
authors have listed those items of primary need on the ex-
ample table, though more could be added depending on the
specific configuration under study.

The first block is rather straightforward and similar in
most configurations. The suckdown will be calculated indi-
vidually for each nozzle along with the free-air suckdown,
ALg o /F3;. Both Blocks II and III set up methods for calcu-
lating fountain 1lift. Block II accounts for the effects of
a two-jet fountain. This section is separated from Block III
because of the inherent differences in the method for comput-
ing the two-jet fountain strength. Block III will be the
most difficult to set up since a four-jet configuration can
produce the fountain characteristics of a three-jet or' two-
jet configuration when the planform reaches a height of jet-
merging for nozzles that are in close proximity. Therefore,
Block III will normally be set up for more than one fountain
computation, since the jets can ultimately merge to form a
two-jet fountain that must be calculated in Block II. Block
IV accounts for the differences in induced 1ift from the two-
dimensional, clean planform. Here, the effects of planform
contour and LIDs are incorporated into the basic fountain
effects.
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The introduction of a high-wing aircraft or other non-
coplanar configuration presents additional difficulties in
the computation of induced lift on a hovering V/STOL aircraft.
Figure 3.1-2, depicts such a planform at two altitudes above
the ground - one measured to wing height (h,) and a differ-
ent height to fuselage base (hg). The method of computation
for both nozzle suckdown ( AIG;Fj) and fountain lift (ALF/Fj)
is affected by this type of configuration. This causes the
problem tabulation to be expanded to a two-phase setup,
whereby, the calculations for fuselage suckdown and fountain
lift use hg whereas the wing planform uses hy for its compu-
tations of suckdown and fountain lift. These values of suck-
down and fountain 1ift can then be summed; due care must be
exercised in the summations to reference the induced forces
at the correct planform altitude being used in the tabulation.

3.1.3 Suckdown

The equations, parameters, and methods for computing
nozzle suckdown are described below:

Equations
ALS-ALSQO] [<51> ] [ h ]C
—_—F | = —J]A + Bl C |-——— (3.1-2)
[ J i HI R Dj-d4 ;

where for a rectangular planform

A = 0.00125
B = 0.0185
c=-1.59

and for a triangular planform

A =0.0072

B = -0.0166 !
cC = -1.28 '
and |
i = nozzle of interest 1

ALs ds

[ p.w] = 0-0667(-1— - 0.420) (3.1-3)
J i ﬁi
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1 NADC-78242-60
Parameters
di nozzle diameter of ith nozzle
1
dje equivalent single nozzle diameter,-[.Z d, 2]2
i=1
dwa average nozzle diameter of n nozzles,
[£
= d(F ] [£(F ]
i=1 j / jl
D; effective mean diameter,
m n
s 2
(22 X|-o-z 24
T i P
K=1 k i=2 ri
where

1. The incremental area and its associated radius from
the nozzle are s, and r,, respectively (see Figure
3.1-3) k k

2. The individual nozzle diameter (second term) need
only be subtracted if di falls on the planform.

3. Subsequent effective nozzle diameters (third term)
need only be subtracted if they fail on the plan-
form.

4. The entire planform is covered by m elements.

ﬁwa thrust weighted average of effective mean diameters,
n
[2 D (Fjl] / [ifl(Fj)i]

Suckdown Extrapolation Coefficient

C_=¢C

s sl ° c

s2 (3.1-4)

where
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CSl = 1.0, reserved for scale effects
Cs2 = effect of nozzle pressure ratio
- 1.173 - 0.2495 In(NPR), NPR £ 2.0 (3.1-5a)
= 1.061 - .0889 1n(NPR), NPR 2 2.0 (3.1-5b)
(Cg, can be obtained graphically from Figure 3.1-4)

The suckdown associated with each nozzle of the air-
craft is calculated from Equation 3.1-2 and then listed in
Block I of the tabulation. Because of its small magnitude,
the free-air suckdown of the aircraft can be calculated from
Equation 3.1-3 for each individual nozzle from d./D, or for
the total aircraft from dg,/D,,. The total suckdown of the
aircraft is then the sum of the thrust-weighted average of
individual nozzle suckdown and free-air suckdown, i.e.,

AL/Fy = [cAL,- ALSw)/Fj]wa+ [ALae, /FJ.] (3.1-6a)

wa

For the calculation of suckdown on a non-coplanar plan-

form it is necessary to find (ALS/Fj)Wing using Dwing and

h,, where ﬁw is determined for the exposed wing area only.

Likewise, the value of (ALS/Fj)fuselage is determined by use

of Dfuselage and hf. So that,

ALS/Fj = (ALS/F-

+ chs/Fj)fuselage

at each planform reference altitude of interest.

3.1.4 Fountain Effects

The equations, parameters, and methods for computing
fountain lift are described below:

1V 1V]
+ QALF/Fj) . CF3

I
where Idesignates two-jet, and so on
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ALL/F, = AL__/F, + AL.__/F 3
F/Fj r1’F; r11’F;j (3.1-8) ;
where 5
1
ALFI/Fj = (ALFI/Fj) . sin 0, (3.1-9a) ;
1 4
ALgyy/Fy = (BLpp /Fy) . (sin 0, - sin 0)) (3.1-9b) g
Parameters g
e local angle that the fountain jet impinges on E
-1 w/2 i
planform,=tan [——————]
df + h

Wl width of fuselage for fore and aft jets or wing
root chord for latterally spaced jets.

W2 wing span for fore and aft jets or fuselage width
for laterally spaced jets.

dg distance from two-jet stagnation line to center
of nozzle

effective mean diameter of jet on fuselage alone

D
dE distance between nozzles (near edge to near edge)

=

- height of jet merging, = 1.374 dE

Fountain Extrapolation Coefficients

CF = CFl . CF2 . CF3 . CF4 . CF5 (3.1-10)
where
CF1 = 1.0, reserved for scale effects
CF2 effect of nozzle pressure ratio,
= 0.736 1n(NPR) + 0.481, NPR £ 2.0 (3.1-1la)
= 0.035 In(NPR) + 0.930, NPR 2 2.0 (3.1-11b)
(CF2 can be obtained graphically from Figure 3.1-5)
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F3 effect of jet merging, obtained empirically from

Figure 3.1-6

CF4 effect of planform contour, obtained empirically
from

Figure 3.1-7 (three or more jets)
Figure 3.1-8 (two-jet fountain)

F5 effect of Lift Improvement Devices (LIDs),

1.0, without LIDs
1.5, longitudinal LIDs
2.0, longitudinal and transverse LIDs

A non-coplanar planform will require additional calcu-
lation to accurately represent the fountain lift if the
fountain impacts both non-coplanar portions of the planform.

The fountain effects on the wing, (ALF/Fj)wing' must be com-

puted with D and hw as was performed in the suckdown

wing
calculations for non-coplanar planforms. Also,

(ALF/FE) and h_.

will depend upon Dfuselage £

fuselage

Because the two-jet fountain lift calculation breaks
out the wing and fuselage areas, it is more detailed than
the three- or four-jet cases. Therefore, it can be used as
a guide for tabulation. As in suckdown,

ALF/Fj = (ALF/F.) (3.1-12)

j'wing

+ (ALF/FJ.)

fuselage

3.1.4,1 Multi-Nozzle Fountain

The buoyant force produced by the fountain jet of a
multi-nozzle configuration has been quantified by empirical
means. Figures 3.1-9 through 3.1-12 provide the basic data
of fountain 1lift for two-, three-, and 4-nozzle configura-
tions. As stated in the tabulation section of this method,
it is usually necessary to determine fountain lift for more
than one type of fountain due to jet merging with any given
configuration.

The altitude (h) used for fountain buoyancy calcula-
tions is the distance from the ground to the lowest point
on the planform that the fountain impacts.
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3.1.4.2 Two-Jet Fountain

The 1lift for this type of fountain is calculated in
Block II of the tabulation accounting system. The two-jet
fountain is determined differently from the three- or four-
jet cases because of its unique structure. The stagnation
line formed between the two jets will impinge on the air-
craft planform in a manner unlike the more centrally concen-
trated three- and four-jet fountains. The fountain effect
on the central planform, ALy /Fj, must be added to the
fountain formed on the peripheral section, ALFII/Fj (Figure

3.1-13). Thus, the two-jet fountain buoyancy is
IT
ALF/Fj = ALFI/Fj + ALFII/Fj (3.1-13)

Two-Jet Fountain, ALFI/Fj

Figure 3.1-9 presents the fountain lift acting on the
aircraft fuselage or wing (depending on nozzle location) in

the two-jet case. ALIJ,.‘I/Fj can be found for various planform

heights (h/d) as a function of ﬁI/dwa' where ﬁI is the mean
effective diameter of each nozzle on the entire planform
central area, averaged by thrust.

The fountain lift generated on the central area is then

1 .
ALp/F; = (AL FI/Fj) . sin 6, (3.1-9a)
where
-1 (w1/2 )
91 = tan a—fTE (3.1-14)

For a non-symmetric central area (Figure 3.1-14b), the two-
jet fountain buoyancy becomes

1 1 ; ’ . "
ALFI/Fj =3 (4L FI/Fj) (sin 91 + sin 91) (3.1-15)

Two-Jet Fountain, ALFII/Fi

The fountain lift attained on the peripheral area is
' . 1
shown in Figure 3.1-10. AL FII/Fj

parameter a/d,,, where a is the average planform width that
is perpendicular to the stagnation line (Figure 3.1-15).

is indexed by use of the

91 is taken from Equation 3.1-14 and
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g ¥ Ak e

Stagnation Line

a. b. d
Symmetric Case Nonsymmetric Case ' ?

Figure 3.1-14 Two-Jet Fountain (Central Area)
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a = average planform width
L to stagnation line A

Figure 3,1-15 Two-Jet Fountain (Peripheral Area)
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92 = tan“1 [w2/2 ]
df + h

This produces a fountain lift due to the peripheral area
FII/F = (AL rr1/F J) . (sin @, - sin 6,) (3.1-9b)
For a non-symmetric case,

1 1l . 4 . ¢
ALFII/Fj 3 [(AL FII/Fj) . (sin 92 - sin 91) (3.1-16)

+ (AL

FII/ J) . (sin ©

; - sin 9;)]

3.1.4.3 Three- And Four-Nozzle Fountain

For a three- or four-nozzle configuration, the foun-
tain strength is a function of the effective me.in diameter
over the average nozzle diameter (D /d ). By indexing
Figure 3.1-11 or 3.1-12 with the app%opr?ate value of
Dya/dwa from Subsection 3.1.3, AL_./F5 of AL /FJ can be ex-
tracted at various planform helgh [ %h/dwa)

3.1.4.4 Fountain Extrapolation Coefficients Cr2 and CF3

The coefficients for fountain extrapolation must be
considered to fully represent the true fountain lift of
the configuration under study.

As shown in Equation 3.1-7, the correction for nozzle
pressure ratio, Cpjy, must be determined for each nozzle and
then weight averaged by thrust to give a composite CFZ'

n n
Cy = [ z (CF2)i(FJ')i] / l' 5 (Fj)i] (3.1-17)
i=1 i=1

The values of C for each nozzle can be determined through
Figure 3.1-5 or Equation 3.1-11.

When the altitude of a hovering aircraft increases, the
jet dispersion will cause merging of indivisual jets with
other jets and, hence, a change in the fountain character.
To account for this fountain characteristic, it is necessary

to include in Equation 3.1-7 the fountain merging coefficient,

CF3' for each fountain type.
60
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Cp3 is determined for all fountain types and at each
planform altitude from Figure 3.1-6 by indexing the parame-

ter (%E - 1.374), where dE is the distance between merging

nozzles. At any particular planform height, a multiplicity
of fountain types could occur where a four-nozzle fountain,
by merging, becomes a three-jet fountain. At the altitude
that jet merging commences, the merging coefficient of the
four-nozzle fountain, C%V, will have a value less than unity
and, as altitude increasés, decrease to_zero. In this
regime, the next merging coefficient, CFZ will have a

- ?

value
ur _ . _ IV _
CF3 =1 CF3 (3.1-18a)
at each particular altitude of interest. Similarly, ng

II
F3

reached to cause the three-jet case to merge into two jets,
i.e.,

will become a driving function for C;, when an altitude is

I _ I1
F3 = 1~ 3
at these particular planform altitudes. Finally, a point
will be reached when the aircraft planform exceeds the
height of total jet merging and fountain breakdown, where it
can be seen that the summation of jet merging coefficients
will be less than unity because the only merging coefficient
remaining is C and its value will be less than one. A
tabular example”is shown in Figure 3.1-16.

C (3.1-18b)

3.1.5 Induced Lift

3.1.5.1 Two-Dimensional Induced Lift

Once the values of CF2 and CF3 have been determined,

it is possible to calculate the fountain buoyancy of a two-
dimensional planform by use of Equation 3.1-7. The two-
dimensional fountain 1lift can then be sumed with the plan-
formed suckdown in order to compute the induced lift of the

.configuration

(AL/F))y p = @Lg/F), o+ AL /F, (3.1-19)
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h/dwa CF3 CF3 CF3 ZCF3 NOTE

1 1 0 0 1

2 1 0 0 1

3 .7 .3 0 1 1
4 4 .6 0 1

5 0 1 0 1 2
6 0 .5 .5 1 3

7 0 0 1 1 4

8 0 0 1 1

9 0 0 .3 .3 5
10 0 0 0 0 6

NOTES :

1. Two of the four jets begin to merge, starting a
three-jet fountain.

2. Merging of two jets complete; fountain is a
three-jet fountain.

3. Two remaining jets begin to merge, starting a
two-jet fountain.

4. Completion of merging of two jets; fountain is
now a two-jet fountain.

5. Merging of all the jets begins, reducing fountain
life,

6. Merging complete; fountain lift eliminated.

Figure 3.1-16. Example of Jet Merging Process
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3.1.5.2 Fountain Extrapolation Coefficients C

And CFs

F4

It is necessary to correct the two-dimensional foun-

- tain lift for effects of planform contour and LIDS by using

c

by the use of Figures 3.1-7 and 3.1-8. Both figures use
the contour parameter 2r/W as the index of the fountain
lift effect on a rounded surface, CF4' Figure 3.1-7 covers

the planform roundness coefficient, C 4» of a three- or
four-jet fountain; whereas, Figure 3.{-8 must be used to

determine CF4 for the case of a two-jet fountain. The

F4 and CFS‘ The effect of planform contour is determined

roundness extrapolation coefficient must be determined
uniquely at each planform altitude and then used to correct
the two-dimensional fountain strength to a three-dimension-
al effect. That is, the fountain character (two-jet, three-
jet ....) must be known to determine whether Figure 3.1-7

or 3,1-8 will be used for Cp, at each height of computation.
The three-dimensional induced lift then becomes

(4L /Fj)3-D = Cgy (ALF/Fj)Z_D +ALS/Fj (3.1-20)

where LIDs are used, C'g = 1.0 except for the special case
given by Equation 3.1-55. The presence of LIDs will in-
crease fountain buoyancy and must be considered through the
fountain extrapolation coefficient, Cpg. For the general
case of fully enclosed longitudinal and transverse LIDs
(Figure 3.1-17 a and b), the value of Cps is 2.0, as oppos-
ed to the configuration without LIDs where Cp5 = 1.0. A
configuration with only longitudinal LIDs (Figure 3.1-17c¢)
uses Cpg = 1.5. The maximum benefit obtained from the LIDs
mentioned above will occur only when the LID captures the
entire fountain that impinges on the planform. Loss in the
theoretical lift improvement of an LID occurs when the de-
vice does not fully span the planform width as depicted in
Figure 3.1-17 a and b. Figure 3.1-17a shows a two-jet
fountain which has a LID that only subtends an angle 6y on
the fuselage. The fountain extrapolation coefficient must
be decreased in this case by

sin 6 (3.1-21)
sin 62

CFS =1+ (C

Fs5-1)
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n Not Fully Transverse

Not Fully Longitudinal

Longitudinal Only

Figure 3.1-17 CFS - LIDs, Special Situations
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For a three- or four-jet fountain (Figure 3.1-17 b, a de-
creased LID size leads to the relationship:

2 :
CFs =1+ (CFs-l) -ZI_ (3.1-22)

where (12/11) is the ratio of LID width to fuselage width,.

?
An additional fountain 1ift factor must be considered g
when using LIDs. The loss of 1lift due to planform contour %
(CFA) does not occur in the area covered by the LID. ¢
Therefore, if the LIDs do not subtend the entire planform, i
the new coefficient for planform roundness becomes A
C., = + ) b 3.1-23 :
o - Cpe T (0 (3.1-23)
The induced 1ift for a configuration with a LID now be-
comes
(L/F)pp = Cpy - Cps - (ALp/Fp), ) +AL /F, (3.1-24)

3.2 SAMPLE CALCULATION FOR A SUBSONIC
VSTOL AIRCRAFT

3.2.1 Suckdown

The most difficult step toward the computation of suck-
down is the calculation of D for each nozzle, because it
must be performed graphically, as per Section 3.1.3. The
effective mean diameter also influences the determination
of fountain strength which expands the importance of D. A
McDonnell-Douglas Subsonic V/STOL configuration is analyz-
ed in this section with the following values of Dj graphic-
ally determined:

D1 = 7.044 in

D2 = D3 = 9,843 in
It is also necessary to use a single D for later computa-

tions. This is calculated as a thrust-weighted average.
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7.044)F.,, + 2 (9.84 F,
b = ( i1 -84 Fia3 8.910
wa Fjl + sz + Fj3
which is Dwa = (D1 + D2 + D3)/3
since Fjl = sz = Fj3 = 58.51 lbf

The suckdown portion of the induced 1lift calculation is
shown in Block I (Figure 3.2-1) of the problem tabulation.
Total aircraft suckdown must be computed individually for
each nozzle of the aircraft, and the appropriate coeffi-
cients must be used for the rectangular or triangular form
of the equation listed in Subsection 3.1.3. Most trapezoi-
dal shapes produce results that correlate well with test
data. This is accomplished by use of the rectangular form
of Equation 3.1-2; therefore, the subsonic V/STOL configur-
ation in this section is analyzed with the rectangular form.
In order to use Equation 3.1-2,

AL -AL
——5% . _(0.00125(B/d) + 0.0185) C (-IL-)‘l'sg
j ®\p-qa

for the computation of suckdown, it is first necessary to
list the following parameters:

d)=dp=45=2.323 in
2
" (3(2.323%)) " = 4.024 in

d

F
_ 1741 2°j2 333
dra” F., + F,, + F. 2.323 in
j1 j2 j3
NPRl = NPR2 = NPR3 = 1.50
(Cgp)q = (Cgp)y = (Cgp)q = 1.173-0.2495 1n(1.5) = 1.0718

Then suckdown can be computed as a function of planform
height and Di’
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AL_-AL, D,
—F;— = -(.00125 7573 + -0185) 1.0718
-1.59 |
h/d, ).4.024 :
(e ‘
D, - 2.323
which results in
ALS--ALSoo
( — ) = -.031
h) 1
AL - AL
) S0
( — ) ~.069
J 2,3

at h/d, = 1.
je

As before, the weighted average becomes

(ALs 'ALsoo> 031 + 2(-.069) _
—s__sw) - -.056
T, 3
j wa
Since
)
wa _ 8.910 _
d_ " 2.323 - 3836
wa

it is possible to compute the free-air suckdown with Equa-
tion 3.1-3.

AL
50 = [0.0667( 1 ) - 0.420] = -.011

3.836
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= 0.056 -.011 = 0.067

at h/d, = 1.
je
Figure 3.2-la is a comparison of the predicted suckdown of
- the forward nozzle of this configuration plotted against
actual test data.
3.2.2 Fountain Lift

3.2.2.1 Two-Jet Fountain

Although this is a three-jet configuration, the two aft
jets begin to merge at a rather low altitude, namely

hm = 1.374 dE = 7.00 inches

hm/ = 1.74.
dje
Therefore, this configuration will behave as two-jet model

for a significant extent of altitude and, consequently, two-
jet fountain lift must be calculated.

Block II (Figure 3.2-2) of the tabulation sheet presents
the approach to this calculation. The width of the fuselage
and span are measured as

it
2

The distance between forward and aft nozzle centerlines is
14.56 inches; locating the stagnation line equidistant from

the nozzles gives

5.24 in (fuselage)
21.66 in (span)

d. = 7.28 in

£

This allows for the computation of 9, and 92 at each plan-
form height, as described in Subsection 3.174.

0. = ran~l 2.62
1 an 1.5 (4.024) + 7.28

= 11.13 degrees

-1 10.83 _
92 = tan 15 (4 004) F 798 = 39.12 degrees
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.Aircraft C.G. Location 14.56 in. 2.323in. I.D.
Balance {36.98 cm) (5.900 cm) —

L =

S /! 742in.  21.66in.

324 in. = T (18.85cm) (55.02 cm) =
10.06 in. 1
(25.55 cm)
—

x 12.89in, :
= = ‘ {32.74 cm) T
= . 25.52 in. (64.82 cm) T =

HH
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o
&
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During the graphical determination of D for the con-
figuration under study, it is necessary to measure the value
of Dy. Also required is the measurement of the mean chord
of the exposed wing. For this subsonic V/STOL

D1 = 5.440 in

D1/dya = 2.342

a = 3.223 in
and a/dyg = 1.387

The parameters listed above will then be used to determine
the two-jet fountain lift of the fuselage and wings (Figures
3.1-9 bis and 3.1-10 bis).

At h/d = 2,
1 =
4L FI/Fj 0.210

aul /Fy = 0.10.

FIT

1 1
Once the values ofAL FI/Fj andA4. FII

h/d, it is possible to cross plot these values against h/dje

/Fj are found at various

(which is used in this sample calculation to be consistent
with Ref. 13). The cross plotted values have been extracted
at evan values of h/d;, and listed in Block II of the
problem tabulation. }he next step in the computation is to
incorporate the subtended angles for the fuselage and wing
areas, i.e.,

ALFI/Fj = 0.204 sin 11.13 degrees = .039
ALFII/Fj = 0.057 (sin 39.12 degrees -
sin 11.13 degrees) = .025
at h/dje = 1.5.
Thus, the two-jet fountain lift is
Il
ALF/Fj = 0.039 + 0.025 = 0.064

at h/dje = 1.5
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3.2.2.2 Three-Jet Fountain

This subsonic V/STOL possesses a three-jet fountain at
altitudes close to ground proximity. The fountain lift for
this condition can be taken directly from Figure 3.1-11 bis

.gyzi?dexing 5Wa/dwa’ which was calculated in Subsection
Since

D,,/d,, = 3.836

ALL/FS = 0.098
at h/dje = 2

IT1
Once again, the values of ALp/F; must be cross-plotted
versus h/d, which produces the results in Block III (Figure
3.2-3) of {fie problem tabulation.

3.2.2.3 Fountain Extrapolation Coefficients Cp; And Cpj

The extrapolation coefficient for NPR, Cpj, must be in-
cluded in the fountain lift computation to obtain proper
correlation of results since the subsonic V/STOL has NPRs
other than the baseline 2.0. With all three nozzles having
NPR = 1.5, we have from Subsection 3.1.4

CF2 = 0.736 1n(1.5) + 0.481 = 0.779

Additionally, the fountain extrapolation coefficient
for jet-merging, Cpg, must be determined as a function of
planform height. Figure 3.1-6 bis is an empirical formula-
tion of the jet-merging coefficient, Cpy- The three-jet
fountain of the subsonic V/STOL merges into a two-jet foun-
tain because of the close proximity of the two aft nozzles,
dE = 5.10 inches. Further, the forward jet will eventually
merge with the aft jets. 1In the first case, hm/dje = 1.74,

and
B 1.374 - 15@;%%31 - 1.374 = -0.585
e .
at .1/dje = 1, which yields Cgé = 1.0 from Figure 3.1-6 bis.

Further values of clil are shown in Block III of the tabula-
tion sheet. It is noted that the strength of the two-jet
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fountain is C;g = (l-ng) until the three-jet fountain dis-

sipates at h/dje = 5. The merging of the forward and aft
jets occurs at hm/d = 4,178 which results in

je
h - 3(4.024) -
dg - 1.374 = 12 237 1.374 = 0.270
at h/d, = 5. The corresponding jet-merging coefficient

from Figure 3.1-6 bis becomes C%% = 0.895.

3.2.2.4 Subsonic V/STOL Fountain Lift

The preceding calculations from Blocks II and III are
incorporated into Equation 3.1-7 bis to determine total
fountain lift of the two-dimensional model considered. At a
planform height of h/dje = 1.5 we have,

ALF/Fj 0.779 [(.088)1.000 + (.064) .000]
= 0.069
The complete computation of fountain lift is listed in Block
III of the problem tabulation.
3.2.3 1Induced Lift

3.2.3.1 Two-Dimensional Induced Lift

Once the suckdown and fountain lift have been computed,
it is possible to determine the induced lift of a two-
dimensional flat-plate configuration (Block IV, Figure
3.2-4). Equation 3.1-1 may now be used to relate the total
induced lift on the aircraft planform. At h/d, = 1, we
have 1€

(AL/Fj)Z-D = -0.067 + 0.101 = 0.034

Figure 3.2-5 presents the predicted induced lift from the
preceding calculations compared with test data of the same
configuration.

3.2.3.2 Fountain Extrapolation Coefficients CF& and CF5

To incorporate the effect of planform contour into the
fountain lift predictions of the subsonic V/STOL
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configuration, it is necessary to compute the planform con-
tour parameter 2r/W. As depicted in Figure 3.1-7 bis, the
radius of curvature, r, and fuselage width, w, must be
measured. For the subsonic V/STOL

r=1.3in
w=5.24 in
and 2r/w = 0.5

which is used to index Figure 3.1-7 bis to determine the
three-jet fountain extrapolation coefficient for planform
contour. As noted in Subsection 3.2.2.3, the three-jet
fountain dissipates at a planform height of h/dje = 4.178.
Above this height, it becomes necessary to determine CF4

from Figure 3.1-8 bis which produces

C., = 0.220

F4

The values of CF are listed in Block IV and used co
correct the fountain iift of Block III for planform contour,
such that

(BLy/Fy) 5 1) = Cpy (BLg/Fy), g
= 0.101 (.660) = 0.067

which results in
(AL/FJ.)3_D = -, 067 + .067 = 0.0

at h/d, = 1.
je

Figure 3.2-6 compares the predictions of these computations
with actual test data.

To cover the effect of LIDs on the fountain strength,
it is first necessary to determine the new coefficient for
planform roundness, CFA' The width of the LID and fuselage

are
Ly =W ;p=2.70 in
L = Weuselage = 5-24 in
Thus, the value of CF4 at h/dje = 1 becomes
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NADC-78242-60

2.70
(CFA)LID 0.66 + 534 (1-0.660)

= 0,83
.as described in Subsection 3.1.5.2.

To evaluate the effect of the LID, the value of CFS

must first be set at a theoretical value of 1.75 for a three-
sided LID, Because the LID is not as wide as the full fuse-
lage, the extrapolation coefficient for this LID must be
modified as shown in Subsection 3.1.5.2.

2.70

=1+ (1.75—1)['gjiz]

Crs

= 1.385

for a three-jet fountain. For the case of a two-jet foun-
tain the new coefficient is

Coe = 1 + (1.75-1) [sin 10.5 degrees]

F5 sin 56 degrees

= 1.165

These values for C_. are shown on Block IV of the tabulation
sheet and have been“used in conjunction with Cp, to correct
the two-dimensional fountain strength to account for the LID

effects on induced 1lift. The new fountain lift for this
configuration at h/dje =1 is

(ALF/Fj) LID = 0.101 (0.830) 1.385
= 0.116

so that induced lift has improved over the configuration
without the LID.

(AL/Fj)= 0.116 - 0.067 = 0.049

The comparison plot of predicted and actual test data for
the subsonic V/STOL with LID is shown in Figure 3.2-7.
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4, CORRELATIONS

The methodology of Section 3 has been applied to several
configurations taken from Refs. 13 and 14. The comparisons
‘between the predictions and the test data are shown in Fig-
ures 4.0-1 through 4.0-10. Across the range of variables
involved, the methodology appears capable of accuracies of
about + .OIAL/Fj.
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APPENDIX A - FORCE DATA

A complete set of force balance data obtained during
this program is contained on Figures A-1 through A-14.
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Figure A-8. Configuration 14
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